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Hypoxia-inducible factor-1 (HIF-1) controls the ex- 
pression of a number of genes such as vascular endothe- 
lial growth factor (VEGF) and Erythropoietin in low 
oxygen conditions (hypoxia). VEGF is strongly induced 
at both the mRNA and protein expression level by a 
number of hormones and growth factors in vascular 
smooth muscle cells (VSMC) independently of the oxy- 
gen environment. However, the role of HIF-la in this 
induction has not been studied. We report here that 
HIF-la protein levels are strongly increased by fetal calf 
serum in quiescent VSMC. More interestingly, Angioten- 
sin II (Ang II), thrombin, platelet-derived growth factor, 
and other hormones can also increase HIF-la in VSMC 
to levels that are substantially more elevated than the 
hypoxic treatment. HIF-la induced by Ang II is located 
in the nucleus, binds to the hypoxic response element, 
and is transcriptionally active. The induction of HIF-la 
by hormones is mediated through the production of re- 
active oxygen species (ROS), since it can be blocked by the 
ROS inhibitors, diphenyleneiodonium and catalase. Fi- 
nally, strong induction of VEGF mRNA by Ang II can also 
be inhibited by these ROS inhibitors. These results impli- 
cate HIF-la and HIF-l-dependent transcriptional activity 
in the induction of VEGF expression after agonist stimu- 
lation and define novel hypoxia-independent mechanisms 
that should play a major role in vascular remodeling. 



The growth of new blood vessels is termed angiogenesis. 
Angiogenesis occurs in wound and fracture healing, arthritis, 
cardiovascular and cerebral ischemia, and most types, if not 
every type, of cancer known in humans. These events share a 
common characteristic of occurring in a hypoxic environment. 

A major mediator of angiogenesis is vascular endothelial 
growth factor (VEGF) 1 (1-4). Transcriptional up-regulation 
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has been shown to play a major role in the induction of the 
VEGF gene, an action mediated by the specific binding of the 
hypoxia-inducible factor-1 (HIF-1) to the hypoxic response ele- 
ment (HRE). The HIF-1 transcription factor is a heterodimer 
composed of HIF-la and HIF-1/3 (5). Each subunit contains an 
N-terminal basic helix-loop-helix domain, responsible for het- 
erodimerization and DNA binding. Each subunit also contains 
a PAS (Per, ARNT, Sim) motif, which is found in a number of 
transcription factors including the Drosophila proteins Period, 
Single-minded, and Trachealess, as well as mammalian pro- 
teins such as AHR (aryl hydrocarbon receptor). HIF-18 was 
identified as being a previously described member of this fam- 
ily, the ARNT (aryl hydrocarbon receptor nuclear translocator) 
protein (5). C-terminal transactivation domains can be found 
on both HIF-la and HIF-18 (6-9). The mouse HIF-la gene 
knockout (HIF-la _/ ~) has clearly shown the irrevocable role 
that HIF-la plays in neovascularization (10-12). HIF-la~'~ 
embryos showed certain lacks and abnormalities in vessel for- 
mation. Similar defects have also been observed in VEGF 
knockout mice (13, 14). 

While the HIF-18 protein is readily found in all cells, HIF-la 
is virtually undetectable in normal oxygen conditions. Studies 
have shown that, in these conditions, HIF-la is rapidly de- 
graded by the ubiquitin-proteasome system (15-17). While hy- 
poxia has been shown to be the ubiquitous inducer of HIF-la in 
all cells tested, other stimuli, such as insulin, insulin-like 
growth factors 1 and 2, and EGF, have also been shown to 
increase HIF-la protein levels in certain cell types (18-20). 
These stimuli are also able to induce VEGF expression in an 
HIF-l-dependent manner. 

In vascular smooth muscle cells (VSMC), a range of different 
extracellular receptor agonists have been shown to induce 
VEGF expression, including angiotensin II (Ang II) and plate- 
let-derived growth factor (PDGF) (21, 22). However, the status 
of HIF-la in these conditions has not been studied. In this 
work, we show that HIF-la levels in VSMC are strongly in- 
creased in normal oxygen conditions when cells are stimulated 
with the cell surface receptor agonists Ang II, thrombin, and 
PDGF. Induced HIF-la is localized in the nucleus, binds to 
HRE, and is transcriptionally active. Our results suggest that 
the increase of HIF-la protein levels is mediated through the 
production of reactive oxygen species (ROS). Our results clearly 
demonstrate that hypoxia is not the only major player in 
HIF-la induction and that this pathway, for the moment spe- 
cific to VSMC, should play a major role in vascular VEGF 
production and angiogenesis. 

EXPERIMENTAL PROCEDURES 

Materials and Plasmids — Angiotensin LI, thrombin, 5-hydroxy- 
tryptamine (5-HT), diphenyleneiodonium chloride, and catalase from 
Aspergillus niger were from Sigma. PDGF and FGF were from Pepro 
Tech Inc. Anti-HIF-lcv antiserum 2087 was raised by our laboratory in 
rabbits immunized against the last 20 amino acids of the C termini of 
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tinman IIIF-I«. Monciclniiiil mil i- 1 1 1 F- 1 a antibody and | >u I > < I u 1 1 ; 1 1 mi 
JilF-1/3 antibody were from Novus Biologieals (Littleton, CO). Mono- 
clonal anti-phospho-p44/p42 MAPK antibody and PT) 98059 were from 
Now Kngland Binlahs or Sb;inn. I'"I2C and horseradish peroxidaso- 
coupled anti-mouse and anti-rabbit antibody were from Promega. 
Ly2;M002 was obtained ('rem Alexis Corp. The PUF-tk-LUC reporter 
construct was a kind gift from Steven L. McKnight (University of 
Texas). pcl)NA3-IIA-l)N-IIIF-l« w as generated by internal digestion of 
pcDNA3-HA-HlF-la (23) with i'coRl and subsequent religation. 

C.i'll Culture VSMC wen- isolated from the thoracic aortas of 
G-week-old male Harlan Sprague-I)aw lev rats by enzymatic dissocia- 
tion 121). Cell- were cultured ill Dlllboeeo's modilied Maple's liiediuill 

containing 7.5% fetal calf serum (FCS), penicillin (50 units/ml), and 
streptomycin (50 jug/ml) (Life Technologies, Inc.) in a humid atmo- 
sphere (5'r CO,, 950; air). Cells were serially passaged upon reaching 
confluence, and all experiments were performed on passages 3-10. 
Quiescent, cells were obtained by total deprivation of FCS for Hi 20 li. 
I Vol real men I of colls w it h di do roil I compounds w as performed .'ill mill 
prior to stimulation. Hypoxic conditions were obtained by placing the 
cells in a sealed "Rug-Box" anaerobic workstation (Huskinn Technolo- 
gies, Leeds, United Kingdom .h.ii.ui. Saint I lerlilain, France). The oxy- 
gon levels in 1 1 lis w orksiation w ore maintained at I 2' i w it h t he resid- 
ual gas mixture containing 93 91'., nitrogen and V, carbon dioxide. 

Western Biol Analysis Confluent cells were lysed In 2x Lnemmli 
sample buffer. I'rotein concentration was determined with the use of 
the Lowry assay. 30 fig of w hole cell extracts were resolved in SI)S- 
polyacrylamide gels (7.50;) and electrophoretically transferred onto a 
polyvinylidene difluoride membrane ( lmmobilon-l», Millipore Corp.). 
Proteins of interest were revealed with specific antibodies as indicated 
(1:1000 dilution). The bands were visualized with the F.CL system 
(Amersham Pharmacia Biotech). 
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fixed using 3' paraformaldehyde for 20 mil, followed by permeabili/.a- 
tion with 0.19? Triton X-100 for 10 min. Coverslips were then incubated 
with anti-HIF-la antiserum or preimmuue serum from the same ani- 
mal ( 1 :3000). Steptavidin-coupled anti-rabbit antibodies were added for 
45 min followed by biot in-coupled Texas Bed. Immunofluorescence was 
then analyzed with a Leica UM-K microscope equipped with a UC-100 

"/■7,-c//v,,o/»./v//c Mobility Shift Assuvs -Electrophoretic mobility shift 
assays were performed on VSMC nuclear extracts using a 32 P-labeled 
oligonuc leotide containing the wild type H1F-1 binding site (25). The 
sense stand sequence of the oligonucleotide is 5'-GCCCTACGTGCT- 
GTCTCA-3'. 32 P-Labeled oligonucleotides were generated by 5' end 
labeling by T4 polynucleotide kinase (New England Biolabs) with 
[ 7 - 32 P]ATP (Amersham Pharmacia Biotech). Preparation of nuclear 
extracts was performed as described previously (25). Binding reactions 
were carried out in a total volume of 30 ;u.l containing 10 ixg of nuclear 
extracts and 0.1 fig of calf thymus DNA (Sigma) in 10 ml Tris-HCl (pH 
7.5), 50 mil KC1, 50 mM NaCl, 1 mM MgCl 2 , 1 ml EDTA, 5 mM 
dithiothreitol, and 5% glycerol. Labeled oligonucleotide probe (40,000 
cpm; 0.25 ng) was added and incubated for 30 min at 4 °C. For compe- 
tition experiments, a 100-fold ox. -ess of unlabeled w i ld-type of mutant 
(sense stand sequence of mutant oligonucleotide: 5'-GCCCTAAAAGCT- 
GTCTCA-3') annealed oligonucleotide was added prior to the addition 
of the labeled probe. Supershift experiments were performed with ei- 
ther anti-HIF-la antiserum 2087, preimmune antiserum from the same 
animal, monoclonal anti-HTF-la antibody, or polyclonal anti-HTF-1/3 
that was added after the addition of the labeled probe. DNA-protein 
complexes were resolved on native 6% polyacrylamide gels in 0.3 X TBE 
(IX TBE: 89 mM Tris-HCl, 89 mM boric acid, and 5 mM EDTA) at 4 °C. 
Gels were then dried and analyzed by autoradiography. 

Transient Trans/eel ion and Luciferase Assay I jigAvell of reporter 
plasmid was used along with 100 ng/woll of cytomegalovirus (3-galacto- 
sidase as a control for transfection efficiency. Transfection of VSMC was 
performed by using the Super-feet transfection reagent (Qiagen) at a 1:5 
DNA/reagent ratio. For dominant negative experiments, cells were 
transfected with 4 fig of the pcDNA3-HA-DN-HIF-la construct, and in 
control cells, the same concentration of parental pcDNA3 vector was 
added. At 3 h post-transfection, cells wore washed, and new medium 
was added. At 12 h post-transfection, cells were deprived of FCS for 
16 h. Stimulation with Aug 11 and hypoxia was performed for 18 h. Cells 
w ere then washed twice with cold phosphate-buffered saline, and lucif- 
erase assays were performed as follows. Cells were lysed in a lysis 
buffer (25 mM Tris-phosphate (pH 7.8), 2 mM dithiothreitol, 2 mM 
l,2-diaminocyclohexane-Af^V^V'^V'-tetraacetic acid, 10% glycerol, and 
1% Triton X-100) for 15 min at room temperature, and the lysate was 
cleared by cent rifugat ion. The luciferase assay was performed in a 
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Fig. I. HIF-la induction by hypoxia, FCS, hormones, and 
growth factors in VSMC. A, exponentially growing (Expo) and qui- 
escent VSMC were maintained under control (210; ().,) or hypoxic ( \°/< 
0„) conditions for 4 h. The addition of 10% FCS to quiescent cells was 
done for the same time periods. /}, quiescent VSMC were maintained 
under control conditions in the presence or the absence of either Ang 11 
(100 nM), 1 unit/ml thrombin, 1 ng/ml FCF-2, or lOng/ml PDCF-BR for 
4 h. For hypoxia, quiescent colls were maintained under hypoxic con- 
ditions (1% O,) for 4 h. Whole cell extracts (30 fig) were resolved by 
SDS-I'ACF (7.50.; gel) and immunoblotled using eit her an ant i- 1 1 1 F- 1 a 
antiserum, preimmune serum from the same animal, or an anti-phos- 
pho-p44/p42 MAPK monoclonal antibody. 

buffer containing 20 m.\l Tricine, 1.07 m.\l (MgCO ,)Mg(OH) 2 -5H 2 0 (Sig- 
ma), 2.67 mM MgS0 4 , 3.1 mM ED'l'A, 33.3 mM dithiothreitol, 270 fiM 
coenzyme A (Sigma), 470 fiM beetle luciferin (Promega), and 530 fiM 
ATP. (3-Galactosidase activity was evaluated with the use of the Ga- 
lacto-Light Chemilumineseent Reporter Assay kit from Tropix. Results 
were quantified with a MicroBeta TRILUX luminescence counter (Wal- 
lac). Results are expressed as a ratio of luciferase activity over /3-galac- 
tosidase activity. 

Northern Blot Analysis— Confluent cells were lysed, and RNA was 
isolated with RNA Instapure (Eurogentec). RNA was resolved on aga- 
rose/formaldehyde gels, was transferred to Hybond N+ nylon mem- 
brane (Amersham Pharmacia Biotech), and was hybridized with a 
radioactive cDNA probe comprising the total coding sequence of the 
mouse VEGF gone. Fl hid i urn bromide staining w as used as a control to 
verify gel loading. 

RESULTS 

HIF-la Induction in VSMC in Normal Oxygen Condi- 
tions — In all cell lines tested, exposure of cells to hypoxia rap- 
idly increased HIF-la cellular protein levels. This was also the 
case for VSMC, since exponentially growing cells showed a 
strong induction of HIF-la when incubated for 4 h in 1% 
oxygen (Fig. LA). However, the level of HIF-la protein expres- 
sion in VSMC under normal oxygen conditions appears to be 
elevated in comparison with other cell lines (23). In FCS-de- 
prived cells, the expression of HIF-la protein in normoxia was 
undetectable (Fig. LA). Interestingly, when FCS-deprived 
VSMC were restimulated with 10% FCS for 4 h, HIF-la protein 
expression was strongly induced to a level that was equivalent 
to the increase seen in hypoxic conditions (Fig. LA). When 
VSMC were stimulated with 10% FCS in hypoxic conditions, 
the level of HIF-la induction was additive for both stimuli. 
These results suggest that components of FCS are inducing 
HIF-la and that hypoxia and FCS increase HIF-la protein 
expression levels through different mechanisms. FCS contains 
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Fig. 2. HIF-la induction by Ang II in VSMC. A, quiescent VSMC 
were maintained under control conditions (C), under hypoxic conditions 
{11,1 '■■'< () 2 ), or in I he presence of t lie indicated concentrations of Ang II 
for 4 h. B, quiescent cells were pretreated for 15 min with losartan (1 
IxM) or PD 123319 (1 jam) and maintained under control conditions, 
under hypoxic conditions { V- c O,), or in the presence of Ang II (100 nl) 
for 4 h. Total cell extracts (30 /xg) were resolved by SDS-PACE (7.5% 
gel) and immunoblotted using an anti-HIF-la antiserum or an anti- 
phospho-p44/p42 MAPK monoclonal antibody. 

a number of hormones and growth factors that can stimulate 
cell surface receptors. Receptor agonists such as Ang II, throm- 
bin, and PDGF have been shown to induce a robust increase in 
VEGF mRNA levels in VSMC. Since HIF-la is a major medi- 
ator of VEGF up-regulation, we wanted to evaluate the effect of 
the agonists on HIF-la induction. When FCS-deprived VSMC 
were treated for 4 h with these compounds, a strong induction 
of HIF-la protein expression could be observed (Fig. LB). Stim- 
ulation of cells with serotonin (5-HT) also strongly increased 
HIF-la protein in this cell model (see Fig. SB), and a weak but 
detectable increase could be observed with FGF-2. To confirm 
the specificity of the 2087 antiserum against HIF-la, we hy- 
bridized the same samples with preimmune serum from the 
same animal. As seen in the right panel of Fig. LB, preimmune 
serum detected no band above 103 kDa and only detected a 
nonspecific band at 85 kDa. As a control, receptor activity was 
verified by the evaluation of a downstream target, the phos- 
phorylation of the mitogen-activated kinases, p42/p44 MAPK. 
These kinases are strongly activated in this cell system follow- 
ing the addition of the previously mentioned receptor agonists. 
The strongest inducer of HIF-la protein expression assayed 
here was Ang II. A 4-h stimulation with Ang II (100 m) 
increased HIF-la protein expression to levels that were more 
elevated than cells incubated in hypoxic conditions. As was the 
case with FCS and hypoxia, the combination of Ang II and 
hypoxia caused an additive effect on HIF-la induction (results 
not shown). The maximal effect of Ang II was achieved at a 
concentration of 100 nM. However, a significant induction could 
be observed at concentrations of Ang II as low as 1 nM, repre- 
senting a physiological concentration for this hormone 
(Fig. 2A). This induction was mediated through the activation 
of the ATI receptor subtype, since the ATI-specific antagonist, 
losartan, could completely block the induction of HIF-la, while 
PD 123319, an AT2-specific ligand, had no effect on basal or 
Ang II-induced levels of HIF-la (Fig. 2B). Therefore, these 
results suggest that hormones such as Ang II can strongly 
induce HIF-la in a normal physiological situation, an action 
mediated via the ATI receptor subtype. 

Ang II Activates the HIF-1 Complex — Nuclear localization of 
HIF-la has been shown to be necessary for HIF-1 activity (26). 
We therefore wanted to determine whether agonist-induced 



HIF-la is located in the nucleus. As seen in Fig. 3A, quiescent 
cells in normal oxygen conditions showed very little HIF-la 
immunoreactivity. When cells are incubated in hypoxic condi- 
tions, an increase in HIF-la protein expression can be seen in 
the nucleus (Fig. SB). When cells are stimulated with Ang II, a 
number of cells show a strong nuclear signal (Fig. 3C). A 
similar result is seen after stimulation with thrombin (Fig. 3D). 
These results show that agonist-induced HIF-la is localized to 
the nucleus. To be active, HIF-la must then form the HIF-1 
transcription complex with HIF-1/3 and bind to the specific 
HRE DNA sequence. Therefore, we evaluated HIF-1 DNA bind- 
ing activity with electrophoretic mobility shift assay experi- 
ments. When an 18-base pair oligonucleotide probe containing 
the HIF-L binding site was incubated with nuclear extracts 
from Ang II-stimulated VSMC, a number of protein-DNA com- 
plexes were increased (compare lanes 1 and 6, Fig. 4). The 
identity of HIF-L in these complexes was confirmed by compe- 
tition experiments and the use of specific antibodies. An 100- 
fold excess of unlabeled wild-type oligonucleotide competed 
with the probe for the binding of HIF-L (lane 7), whereas a 
LOO-fold excess of an oligonucleotide containing a 3-base pair 
substitution in the HIF-L binding site did not compete for 
binding (lane 8). Two purified and commercially available an- 
tibodies against HIF-La and HIF-L/3 disrupted the probe DNA- 
HIF-L complex (lanes 9 and 10, respectively). Polyclonal anti- 
serum 2087 raised against HIF-La also disrupted the probe 
DNA-HIF-1 complex, while the corresponding preimmune an- 
tiserum had no effect (results not shown). These results dem- 
onstrate that HIF-la protein induced by Ang II can form the 
HIF-1 complex with HIF-1/3 and bind the HRE sequence. We 
then evaluated whether HIF-1 induced by Ang II is transcrip- 
tionally active with the use of a luciferase reporter assay. 
VSMC were transiently transfected with a luciferase reporter 
gene (PRE-tk-LUC) driven by three 50-base pair sequences 
containing the HRE from the erythropoietin gene (27) and then 
stimulated with hypoxia and/or Ang II. As shown in the upper 
panel of Fig. 5, a 4-fold induction of reporter activity was 
attained after an 18-h incubation period in 1% oxygen. For the 
same time period, Ang II increased reporter activity to a level 
significantly higher than that elicited by hypoxia (11-fold over 
basal levels). As was the case in Western blot experiments (Fig. 
1), the combination of both stimuli was additive (15.7-fold 
increase in luciferase activity). These results demonstrate that 
HIF-la induced by Ang II is indeed active and suggest again 
that hypoxia and Ang II induce HIF-la through distinct mech- 
anisms. Since Ang II has been shown to induce VEGF mRNA, 
the activity of the VEGF promoter in the same conditions was 
also measured. To perform these experiments, we used the 
previously described luciferase reporter plasmid driven by a 
SPl/AP2-mutated and hence p42/p44 MAPK-insensitive VEGF 
promoter that still responds to HIF-L (28). The transfection of 
this construct in VSMC followed by L8 h of hypoxia increased 
reporter gene activity by L. 8-fold (Fig. 5, lower panel). As with 
the HRE construct, Ang II increased reporter activity to a level 
that surpassed hypoxia (3.7-fold over basal levels). Again, both 
stimuli together produced an additive effect (5.1-fold). To fur- 
ther evaluate the involvement of HIF-L in mediating Ang II- 
stimulated transcriptional activation of reporter genes contain- 
ing the VEGF hypoxia response element, we used a dominant 
negative form of HIF-la. The pcDNA3-HA-DN-HIF- la encodes 
a form of HIF-La lacking the C-terminal transactivation do- 
mains. DN-HIF-Ia can heterodimerize with HIF-L/3 and inhibit 
HRE-driven reporter genes (29). 2 VSMC were cotransfected 
with the mutated VEGF reporter plasmid and the 
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Fig. 3. Nuclear localization of HIF-la 
following hormone stimulation. Quies- 
<•( ill YSMC wore maintained under control 
conditions (A), hypoxic conditions (1% oxy- 
gen) (B), or in the presence of Ang II (100 nM) 
((.") or t lirombin ( I unil/inl) (/J) for 4 h and 
analyzed by inuiuiiinonuorescence using an 
anti-HIF-la antiserum. The arrows indicate 
strong nuclear localization. VSMC under 
cont ml conditions and st i mil la led w itli Aug 
II wore also probed w ith preimmune serum 
from the same animal to evaluate nonspe- 
cific signal (E and F, respectively). 
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Fig. 4. Ang II induces an HIF-1-DNA complex. Quiescent VSMC 
were incubated in the presence or the absence of Ang II (100 nM) for 4 h. 
Nuclear extracts « ore prepared as indicated under "Experimental Pro- 
cedures." Nuclear protein (10 fig) was incubated in the presence of a 
32 P-labeled oligonucleotide containing the HIF-1 binding site. Compet- 
itors and antibodies were also added to the binding assays to evaluate 
the specificity of the proloin-DNA complexes. For competition assays, 
unlabeled oligonucleotide (25 ng) was included in the binding reaction 
mixture. Lanes 1 and 6, no competitor; lanes 2 and 7, wild type oligo- 
nucleot ide; lanes IS and. 8, mutated HUE oligonucleotide. For supershift 
assays, pari Hod monoclonal anti-Ill F- 1 a limit's 4 and .9) and polyclonal 
anti-llJ F- 1 (i (lanes 5 and 10) antibodies were also added to the binding 
react ion mixture. 



pcDNA3-HA-DN-HIF-la construct followed by incubation of 
cells in hypoxic conditions or in the presence of Ang II. A low 
concentration of Ang II (1 nM) was used, since this concentra- 
tion induces HIF-la protein at levels similar to hypoxia (Fig. 
2A). As seen in Fig. 6, activation of promoter activity is similar 
between hypoxic and Ang II stimulation (2.2- and 2.5-fold, 
respectively). When cells were transfected with dominant neg- 
ative HIF-la, a strong inhibition of reporter activity could be 
observed when cells were incubated in hypoxic conditions of in 
the presence of 1 nM Ang II (Fig. 6, filled bars). Taken together, 
all of these results demonstrate that Ang II induces VEGF 
expression by increasing HIF-la and the HIF-1 transcription 
complex. 

Induction of HIF-la by Ang II Is Not Mediated through 
Activation of p42lp44 MAPK or Phosphatidylinositol 3-Ki- 
nase — We next wanted to identify the mechanism by which 
HIF-la was induced by Ang II. Since Ang II strongly increases 
P 42/p44 MAPK activity in VSMC, we wished to evaluate 
whether this pathway was implicated in the induction of 
HIF-la protein expression by Ang II. PD 98059 and U0126 are 
specific and potent inhibitors of an upstream p42/p44 MAPK 
kinase, MEK1. We pretreated VSMC with these compounds 
and evaluated HIF-la induction after Ang II stimulation. Only 
a slight decrease in the Ang II-increased levels of HIF-la could 




Fig. 5. Ang II stimulates HIF-1 transcriptional activity. VSMC 
(5 X 10 5 cells/well, six-well plate) were transfected with 1 fig of either 
the PRE-tk-LUC construct (upper panel) or mutated VEGF-LUC (lower 

panel' reporter plasmid and i 00 ug of an express vector coding lor 

/3-galactosidnso in order to normalize for transfection efficiency. 12 h 
after transfecl ion, cells u ore deprived of ECS for 16 h. Cells were then 
maintained under control (21% O z ) or hypoxic conditions (1% O z ) in the 
presence or absence of Ang II (100 nM) for 18 h. At this point, VSMC 
were lysed, and luriferase and j3-galaetosidase activity were measured 
as described under- " Kxperimont a I Procedures." Results are expressed 
as a ratio of luciferase activity over j3-galactosidase activity and are 
representative of three similar experiments performed in triplicate. 



be seen after this pretreatment (Fig. 7), while P 42/p44 MAPK 
activity was completely blocked. This result is in accordance 
with that obtained in another model system, CCL39 fibroblasts 
(results not shown). The phosphatidylinositol 3-kinase/AKT 
pathway has been shown to be implicated in the induction of 
HIF-la protein expression (18, 30). This pathway has been 
shown to be activated in VSMC following short term stimula- 
tions with Ang II (31). To investigate the participation of this 
pathway in Ang II-mediated HIF-la protein expression, we 
used a potent inhibitor of this pathway, Ly294002. As was the 
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Control Hypoxia Ang II (1 nM) 

FlG. 6. A dominant negative form of HIF-la blocks Ang Il-induced 
VEGF promoter activity. VSMC (5 X 10 5 cells/well, six-well plate) were 
transferred with 1 /ig of mutated VEGF-LUC reporter plasmid, 4 fig of 
pcDNA3 (empty bars), 4 fig of pcDNA3-HA-DN-HIF-la (filled bars), and 100 
ng of an expression vector coding for /3-galactosidase in order to normalize 
for transfection efficienc y. 12 1 1 alter I nn isl'rci ion, cells were deprived of FCS 
for 16 h. Cells were (lien maintained under control (21% 0 2 ) conditions, 
under hypoxic conditions (1% 0 2 ), or in the presence of Ang II (1 nM) for 18 h. 
Al this | ml '-II. I in i I i ii r i I I si i ictivitj 

were measured as described under "Ivxperinioiital Procedures." [Jesuits are 
expressed as a ratio ol' lucilerasc activity over (j-yalaetosidase activity and 
ar e representative of three similar experiments performed in triplicate. 
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Fig. 7. Induction of HIF-la by Ang II is independent of the 
p42/p44 MAPK and phosphatidylinositol S-kinase pathways. 

Quiescent cells were incubated in Hie presence or absence (C) of Ang II 
(100 nM) for 4 h. For inhibitors, cells were pretreated for 15 min with PD 
98059 (50 /am; PD), U0126 (25 /am; U), or Ly294002 (50 fiM; Ly) before 
the addition of Ang II (100 nM) for 4 h. Total cell extracts (30 fig) were 
resolved by SDS-PAGE (7.5% gel) and immunoblotted using an anti- 
HIF-la antiserum or an anti-phospho-p44/p42 MAPK monoclonal 
antibody. 

case with the MAPK inhibitors, pretreatment of cells with 
Ly294002 only had a modest inhibitory effect on HIF-la induc- 
tion by Ang II. These results demonstrate that the activation of 
these two separate signaling cascades is unlikely to represent 
the major pathway by which Ang II is able to induce HIF-la in 
VSMC. 

Reactive Oxygen Species Are Necessary for Ang Il-induced 
HIF-la Induction — Recent evidence has convincingly shown 
that in VSMC, Aug II, thrombin, and PDGF can modulate the 
expression and activity of different elements of the NAD(P)H 
oxidase system (32—36). This system is responsible for strong 
increases in intracellular ROS levels found in these cells after 
growth factor and hormone stimulation. In VSMC, ROS pro- 
duction is essential for the activation of a number of intracel- 
lular transduction pathways (31, 37, 38). Interestingly, recent 
results have suggested a possible role for ROS in HIF-la in- 
duction in Hep3B cells (39). Therefore, we decided to investi- 
gate whether an increase in ROS levels was responsible for the 
induction of HIF-la mediated by Ang II in VSMC. The fla- 
voprotein-containing enzyme inhibitor diphenyleneiodonium 
(DPI) has been widely used to evaluate the activity of this 
pathway. DPI has been shown to inhibit Ang II-, thrombin-, 
and PDGF-mediated induction of ROS production in VSMC 
(31, 34, 35). When cells were pretreated with 10 /xM DPI prior 
to stimulation with Ang II, HIF-la induction was completely 
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Fig. 8. ROS inhibitors block hormone-mediated HIF-la induc- 
tion. Quiescent VSMC were maintained under control conditions ( Con - 
I nil), under hypoxic conditions [Hypoxia; !';.■( )..), or in the presence of 
either Ang II (100 nM), thrombin (1 unit/ml), or 5-HT (1 /am) for 4 h. For 
inhibitors, cells wen- pretreated lor 15 niln u ith DPI I 10 liM) nrcatalaso 
(.1000 units/ml) prior to stimulation. Total cell extracts (30 fig) were 
resolved by SDS-PAGE (7.5% gel) and immunoblotted using an anti- 
HIF-la antiserum or an anti-phospho-p44/p42 MAPK monoclonal 
antibody. 

inhibited (Fig. 8A). The addition of extracellular catalase acts 
as an antioxidant and decreases ROS levels in the cells. The 
addition of 1000 units of catalase to VSMC culture medium 
prior to the addition of Aug II also completely blocked the 
induction of HIF-la (Fig. 8A). The induction of HIF-la in these 
cells by other hormones is also inhibited by DPI (Fig. 8S). DPI 
or catalase did not affect normal receptor signaling, since p42/ 
p44 MAPK activation by the agonists was not affected by DPI 
or catalase. These results strongly suggest that HIF-la induc- 
tion by Ang II is mediated through ROS production. It is 
interesting to note that in this cell model, hypoxic induction of 
HIF-la is not affected by treatment with DPI or catalase. 
These results support the data shown in Fig. 1 and 5, which 
suggest that hypoxia and Ang II induce HIF-la through differ- 
ent mechanisms. 

ROS Inhibitors Inhibit Ang Il-induced VEGF mRNA Expres- 
sion — As previously mentioned, Ang II has been shown to in- 
duce VEGF mRNA expression. In Figs. 5 and 6, we showed that 
Ang II could activate VEGF promoter activity, through the 
induction of HIF-1 activity. Since ROS inhibitors blocked 
HIF-la induction by Ang II, we used DPI and catalase to 
confirm the role played by Ang Il-induced HIF-la in VEGF 
mRNA expression. When quiescent VSMC are stimulated with 
Ang II, robust increase in the levels of VEGF mRNA could be 
detected (Fig. 9). As was the case in the luciferase assay, this 
increase was much higher than that elicited by hypoxic condi- 
tions. Thrombin also increased VEGF expression. More impor- 
tantly, when cells were pretreated with DPI or catalase before 
the addition of Ang II, the ability of Ang II to stimulate VEGF 
expression was significantly attenuated. The addition of these 
compounds had no effect on VEGF mRNA levels in nonstimu- 
lated and hypoxic conditions (results not shown). Taken to- 
gether with the results seen on HIF-dependent transcriptional 
activity, these results demonstrate that the increase of VEGF 
mRNA after hormone and growth factor stimulation is HIF-1- 
mediated. We have previously shown that strong p42/p44 
MAPK activity can increase expression of VEGF in fibroblasts 
by modulating SP1 and AP2 binding to the promoter and by 
directly phosphorylating HIF-la and increasing HIF-1 tran- 
scriptional activity (23, 28). As Ang II strongly activates p42/ 
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Fig. 9. ROS inhibitors block Ang II-mediated VEGF mRNA 
expression. Quiescent VSMC wore maintained under control condi- 
tions iConlrol), under hypoxic conditions (Hypoxia; 1'r () 2 ), or in the 
presence of either Ang II (100 nM) or thrombin (1 unit/ml) for 4 h. For 
inhibitors, cells were pretrented for 15 niln \\ ith l'l)9fil)5!) (50 fj.il), DIM 
(10 )jm), or catalase (1000 units/ml) prior to stimulation with Ang II. 
Total mRNA was extracted and resolved on forma Idol ivde/agn rose "'els. 
Northern blot was performed using a specific radiolabeled VEGF probe. 
Ethidium bromide staining was used as a control for gel loading (lower 

p44 MAPK in VSMC, we wanted to evaluate the contribution of 
this signaling pathway in Ang II-mediated increases in VEGF 
mRNA. Preincubation of VSMC with PD 98059 led to a modest 
decrease in Ang II-induced VEGF mRNA levels. This confirms 
that p42/p44 MAPK is partly implicated in this increase. How- 
ever, in this cell system, p42/p44 MAPK appears to be mediat- 
ing its effects through HIF-1, since the inhibition caused by the 
addition of both DPI and PD 98059 together is the same as DPI 
alone (results not shown). These results clearly show the key 
role played by HIF-1 in the induction of VEGF mRNA in 
VSMC. 

DISCUSSION 

Ang II, thrombin, and PDGF have all been shown to induce 
VEGF expression in VSMC (Refs. 21 and 22 and this study). 
However, no study has investigated the signal pathways in- 
volved in this effect. Previous studies have shown the major 
role that HIF-la plays in VEGF expression and angiogenesis 
(10-12, 40). It was therefore tempting to hypothesize that the 
ability of hormones and growth factors to up-regulate VEGF 
expression in VSMC was mediated through an increase in 
HIF-la. In addition to the classical hypoxic/cobalt/deferrox- 
iamine-mediated induction of HIF-la, a number of agonists 
such as insulin, insulin-like growth factor 1, EGF and FGF, the 
organo-mercurial compound mersalyl, and the peptide antibi- 
otic PR39 have also been shown to induce the expression of this 
transcription factor (18-20, 41, 42). These studies suggest that 
while hypoxia remains the undisputed ubiquitous inducer of 
HIF-1, other factors can also modulate increases of HIF-la 
protein levels in a cell-specific manner. In this report, we set 
out to determine the role played by HIF-la in the nonhypoxic 
induction of VEGF in VSMC. In this cell line, we have made 
three significant findings: 1) hormones and growth factors can 
induce HIF-la in VSMC; 2) hypoxia and hormones function 
through two separate pathways to induce HIF-la; and 3) hor- 
monal and growth factor-mediated increases in HIF-la medi- 
ate VEGF mRNA expression in VSMC. 

We show that Ang II, thrombin, and PDGF strongly induce 
HIF-la in VSMC. These effects appear to be cell-specific for the 
following reasons: 1) Ang II does not induce HIF-la in another 
cell model known to have a high level of ATI receptors, adrenal 
glomerulosa cells 3 ; 2) in endothelial cells, thrombin and PDGF 
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did not increase HIF-la levels; and 3) in CCL39 fibroblasts, 
only a small increase (10-fold lower than hypoxia) can be seen 
after stimulation with thrombin or PDGF. 4 Previous studies 
have shown that HIF-la induced by blocking its degradation by 
the ubiquitin-proteasome with specific inhibitor is transcrip- 
tionally inactive. These results suggest that other signals along 
with HIF-la stabilization are needed for full HIF-1 activity. 
After stimulation with Ang II, increased HIF-la protein levels 
are found in the nucleus, the HIF-1 transcription complex is 
formed and can bind to the HRE binding site, and HIF-1 is 
transcriptionally active. Therefore, Ang II receptor activation 
in VSMC activates all of the signals necessary for a full HIF-1 
response. 

These results led us to investigate the possible mechanism 
that is implicated in hormonal induction of HIF-la. Reactive 
oxygen species have been shown to be implicated in HIF-1 
activity (39, 43). Different hormones and growth factors have 
been shown to activate the production of ROS in VSMC (31, 34, 
35). It is interesting to note that VSMC specifically contain 
homologues to the various proteins that are similar to compo- 
nents of the phagocytic NAD(P)H oxidase, whose activation 
leads to the production of ROS (32-36). Recent research has 
shown that the activity of the VSMC NAD(P)H system is in- 
creased by hormones and growth factors such as Ang II, throm- 
bin, and PDGF (32-36). The mechanism by which these com- 
pounds activate the NAD(P)H oxidase remains unclear. Cell 
signaling pathways in VSMC have been shown to be activated 
by this ROS system (31, 37, 38). DPI and the addition of 
external catalase have been shown to inhibit agonist induced 
NAD(P)H oxidase-mediated ROS production in VSMC (31, 34, 
35). We show that DPI and catalase can completely inhibit the 
induction of HIF-la in these same cells, which therefore impli- 
cates hormone-generated ROS in this effect. Interestingly, the 
hypoxic signaling pathway in these cells appears to be inde- 
pendent of ROS, since the inhibitors do not block the hypoxic 
induction of HIF-la. These results were suggested in our first 
experiments in VSMC, since HIF-la induction and activity 
were strictly additive and are in contradiction with studies that 
show that ROS generation is required for hypoxic response in 
Hep3B cells (39). However, we do see an inhibition of the 
hypoxic induction of HIF-la in CCL39 fibroblasts. 4 This sug- 
gests that this effect is specific to VSMC. We are currently 
evaluating the possible mechanism implicated in hypoxia-me- 
diated increases of HIF-la in quiescent VSMC. 

HIF-la is a major mediator of VEGF expression in a number 
of cells. Since Ang II increased the HRE- and VEGF-driven 
reporter activity, it seemed likely that HIF-la induction medi- 
ates VEGF expression in VSMC. Experiments with the domi- 
nant negative HIF-la construct and the finding that ROS 
inhibitors also block VEGF mRNA expression confirm this 
hypothesis. As was the case for HIF-la protein induction, hy- 
poxic induction of VEGF in quiescent VSMC is not mediated 
through ROS production. This finding is in agreement with 
results from Wenger et al. (44), who have shown that hypoxic 
induction of VEGF mRNA expression is preserved in B lym- 
phocytes deficient for the ^,22 phox and gpQl phox subunits of the 
NADPH oxidase. However, Chandel et al. (39) suggest that the 
induction of HIF-l-regulated genes during hypoxia is mediated 
through mitochondrial ROS produced at complex III. Again, it 
is possible that the effect we show is specific to VSMC. Since 
these cells are close to a high supply of oxygen and hormonal 
stimulation gives such a strong effect, VSMC may have 
shunted a hypoxic induction mechanism found in other cells. 
Evidently, these results support to the notion that hypoxia 
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signal transduction is not a simple linear pathway. 

In conclusion, our study provides convincing data that iden- 
tify an interesting mechanism by which Ang II can induce 
VEGF expression in VSMC. Ang II binds to the ATI receptor and 
increases ROS levels through activation of the NAD(P)H oxidase. 
ROS would then induce HIF-la. An active HIF-1 complex is then 
formed, which activate its target genes including a strong induc- 
tion of VEGF. It is likely that these results have a physiological 
relevance given the low concentrations of Ang II that can induce 
HIF-la. Finally, these results shed light on the mechanisms 
involved in the hormonal modulation of angiogenesis. 
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